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doing so can potentially aflect the performance of 1n-
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array during user mode. In one suitable arrangement, ground
power supply voltage write assist techniques may be imple-
mented on memory cells that include p-channel access
transistors and that are used to control n-channel pass
transistors. In another suitable arrangement, positive power
supply voltage write assist techniques may be implemented
on memory cells that include n-channel access transistors
and that are used to control p-channel pass transistors.
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PROGRAMMABLE INTEGRATED CIRCUITS
WITH IN-OPERATION RECONFIGURATION
CAPABILITY

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 14/331,470, filed Jul. 15, 2014. This applica-
tion claims the benefit of and claims priority to U.S. patent
application Ser. No. 14/331,4770, filed Jul. 15, 2014, which

1s hereby incorporated by reference herein 1n its entirety.

BACKGROUND

This relates to integrated circuits and more particularly, to
programmable integrated circuits.

Programmable 1ntegrated circuits are a type of integrated
circuit that can be programmed by a user to implement a
desired custom logic function. In a typical scenario, a logic
designer uses computer-aided design tools to design a cus-
tom logic circuit. When the design process 1s complete, the
computer-aided design tools generate configuration data.
The configuration data 1s loaded into memory elements to
configure the devices to perform the functions of the custom
logic circuit.

Memory elements are often formed using random-access-
memory (RAM) cells. Because the RAM cells are loaded
with configuration data during device programming, the
RAM cells are sometimes referred to as configuration
memory or configuration random-access-memory cells
(CRAM).

During normal operation of a programmable device,
loaded CRAM cells produce static output signals that are
applied to the gates of transistors (e.g., pass transistors). The
CRAM output signals turn some transistors on and turn
other transistors ofl. This selective activation of certain
transistors on the programmable device customizes the
operation of the programmable device so that the program-
mable device performs 1ts intended function.

Configuration data may be supplied to a programmable
device 1n the form of a configuration bit stream. After a first
configuration bit stream has been loaded onto a program-
mable device, the programmable device may be reconfig-
ured by loading a different configuration bit stream 1n a
process known as reconfiguration. An entire set of configu-
ration data 1s often loaded during reconfiguration. However,
it may sometimes be advantageous to reconfigure only a
portion of the configuration bits using a process known as
partial reconfiguration.

SUMMARY

A programmable integrated circuit that includes memory
clements and partial reconfiguration circuitry operable to
reconfigure a selected portion of the memory elements 1s
provided. The memory elements may be arranged in rows
and columns and may collectively be referred to as a
memory array.

Partial reconfiguration may be performed on a first por-
tion of memory elements in the array during normal user
mode. The first portion of memory elements may receive a
power supply voltage via a power supply line. During the
partial reconfiguration, the write margin for the first portion
of memory eclements may be enhanced by temporarily
adjusting the power supply voltage.

A second portion of memory elements in the array may
also recerve the power supply voltage from the power supply
line. During user mode, the second portion of memory
clements may control corresponding pass gates that are
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actively being used by the programmable integrated circuit
to route user signals from a first logic region to a second
logic region on the integrated circuit. The pass gates that are
being controlled by the second portion of memory elements
should exhibit performance (e.g., drive strengths) that 1s
unaflected by the temporary adjustment in the power supply
voltage.

In one suitable arrangement, the memory elements 1n the
array may include p-channel access transistors. Memory
clements with p-channel access transistors should be used 1n
conjunction with write assist circuits that temporarily raise
a ground power supply voltage Vss during data loading
operations. In order for the associated pass gates to be
unperturbed during such instances, n-channel pass transis-
tors may be used so as to remain 1n cutoll mode during Vss
adjustments (as long as the variation 1n Vss remains less than
the n-channel transistor threshold voltage level Vth,n).

In another suitable arrangement, the memory elements 1n
the array may include n-channel access transistors. Memory
clements with n-channel access transistors should be used 1n
conjunction with write assist circuits that temporarily lower
a positive power supply voltage Vcc during partial recon-
figuration operations. In order for the drnive strengths of the
associated pass gates to be unchanged during such instances,
p-channel pass transistors may be used so as to remain in
cutoll mode during Vcc adjustments (as long as the variation
in Vce remains less than the p-channel transistor threshold
voltage level Vth,p).

Further features of the present invention, 1ts nature and
various advantages will be more apparent from the accom-
panying drawings and the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram of an illustrative programmable
integrated circuit 1n accordance with an embodiment of the
present 1nvention.

FIG. 2 1s a diagram showing how configuration data 1s
created by a logic design system and loaded into a program-
mable device to configure the device for operation 1 a
system 1n accordance with an embodiment of the present
ivention.

FIG. 3 1s a diagram of an illustrative array of memory
clements, a portion of which can be reconfigured during user
operation 1n accordance with an embodiment of the present
invention.

FIG. 4 1s a circuit diagram of an illustrative memory
clement with p-channel access transistors, where the
memory element 1s used to control a corresponding n-chan-
nel routing pass gate accordance with an embodiment of the
present invention.

FIG. § 1s a plot illustrating an asymmetric drive strength
characteristic associated with an n-channel routing pass gate
in accordance with an embodiment of the present invention.

FIG. 6 1s a flow chart of illustrative steps involved 1n
operating the memory element of FIG. 4 1n accordance with
an embodiment of the present invention.

FIG. 7 1s a circuit diagram of an illustrative memory
element with n-channel access transistors, where the
memory element 1s used to control a corresponding p-chan-
nel routing pass gate accordance with an embodiment of the
present 1nvention.

FIG. 8 15 a plot illustrating an asymmetric drive strength
characteristic associated with a p-channel routing pass gate
in accordance with an embodiment of the present invention.
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FIG. 9 1s a flow chart of illustrative steps mmvolved in
operating the memory element of FIG. 7 1n accordance with

an embodiment of the present invention.

FIG. 10 1s a diagram showing an illustrative integrated
circuit having memory elements of the type shown 1n FIG.
4 and of the type shown in FIG. 7 to help satisty re-channel
and p-channel transistor density requirements in accordance
with an embodiment of the present invention.

DETAILED DESCRIPTION

Embodiments of the present invention relate to integrated
circuits and more particularly, to integrated circuits with
memory elements. Integrated circuits such as programmable
integrated circuits use programmable memory elements to
store configuration data. During programming of a program-
mable integrated circuit, configuration data 1s loaded nto the
memory elements. Memory elements may be orgamized in
arrays having numerous rows and columns. For example,
memory array circuitry may be formed in hundreds or
thousands of rows and columns on a programmable logic
device integrated circuit.

During normal operation of the programmable integrated
circuit, each memory element provides a static output signal.
The static output signals that are supplied by the memory
clements serve as control signals. These control signals are
applied to programmable logic on the integrated circuit to
customize the programmable logic to perform a desired
logic function.

In some arrangements, the memory elements may be used
to provide control signals to routing pass gates (e.g., pass
transistors that are used to route user signals from one logic
region to another). It may sometimes be desirable to recon-
figure only a portion of the memory elements during normal
operation. This type of reconfiguration in which only a
subset of memory elements are being loaded with new
configuration data 1s sometimes referred to as “partial recon-
figuration.”

During partial reconfiguration, new data should be written
into a selected portion of memory elements (sometimes
referred to as “memory cells”). In order to increase write
margin, write assist techniques such as varying the memory
cell power supply voltage may be apphied. Varying the
memory cell power supply voltage during in-operation par-
tial reconfiguration can, however, aflect memory cells that
are not currently being reconfigured but are driven by the
same power supply line. To mitigate this undesired eflect,
particular types of transistors may be chosen such that the
write assist does not madvertently impact the performance
ol 1n-operation routing pass gates.

As an example, a memory element that controls a corre-
sponding n-channel pass gate transistor may be provided
with p-channel access transistors, which allows ground write
assist techniques to be implemented. This may be desirable
since n-channel pass gate transistors are immune to small
voltage variations near ground voltage Vss. As another
example, a memory element that controls a corresponding
p-channel pass gate transistor may be provided with n-chan-
nel access transistors, which allows positive power supply
voltage write assist techniques to be implemented. This may
be desirable since p-channel pass gate transistors are not
allected by small voltage varnations near positive power
supply voltage Vcc.

An 1llustrative programmable integrated circuit that may
be provided with memory cells for use in drniving corre-
sponding pass gates which are not affected by memory cell
power supply write assist techniques 1s shown 1n FIG. 1. As
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shown 1n FIG. 1, programmable integrated circuit 10 may
have input-output circuitry 12 for driving signals off of
device 10 and for recerving signals from other devices via
input-output pins 14. Interconnection resources 16 such as
global and local vertical and horizontal conductive lines and
buses may be used to route signals on device 10. Intercon-
nection resources 16 include fixed interconnects (conductive
lines) and programmable interconnects (1.e., programmable
connections between respective fixed interconnects). Pro-
grammable logic 18 may include combinational and sequen-
tial logic circuitry. The programmable logic 18 may be
configured to perform a custom logic function.

Programmable integrated circuit 10 contains memory
clements 20 that can be loaded with configuration data (also
called programming data) using pins 14 and iput-output
circuitry 12. Once loaded, the memory elements 20 may
cach provide a corresponding static control output signal
that controls the state of an associated logic component in
programmable logic 18. Typically the memory element
output signals are used to control the gates of metal-oxide-
semiconductor (MOS) transistors. Some of the transistors
may be p-channel metal-oxide-semiconductor (PMOS) tran-
sistors. Many of these transistors may be n-channel metal-
oxide-semiconductor (NMOS) pass transistors in programs-
mable components such as multiplexers. When a memory
element output 1s high, an NMOS pass transistor controlled
by that memory element will be turned on to pass logic
signals from 1ts input to its output. When the memory
clement output 1s low, the pass transistor 1s turned off and
does not pass logic signals.

A typical memory element 20 1s formed from a number of
transistors configured to form cross-coupled inverters. Other
arrangements (e.g., cells with more distributed inverter-like
circuits) may also be used. With one suitable approach,
complementary metal-oxide-semiconductor (CMOS) 1nte-
grated circuit technology 1s used to form the memory
clements 20, so CMOS-based memory element implemen-
tations are described herein as an example. In the context of
programmable integrated circuits, the memory elements
store configuration data and are therefore sometimes
referred to as configuration random-access memory
(CRAM) cells.

An 1llustrative system environment for device 10 1s shown
in FIG. 2. Device 10 may be mounted on a board 36 1n a
system 38. In general, programmable logic device 10 may
receive configuration data from programming equipment or
from other suitable equipment or device. In the example of
FIG. 2, programmable logic device 10 is the type of pro-
grammable logic device that receives configuration data
from an associated integrated circuit 40. With this type of
arrangement, circuit 40 may, 1t desired, be mounted on the
same board 36 as programmable logic device 10. Circuit 40
may be an erasable-programmable read-only memory
(EPROM) chip, a programmable logic device configuration
data loading chip with built-in memory (sometimes referred
to as a “configuration device”), or other suitable device.
When system 38 boots up (or at another suitable time), the
configuration data for configuring the programmable logic
device may be supplied to the programmable logic device
from device 40, as shown schematically by path 42. The
coniiguration data that 1s supplied to the programmable logic
device may be stored in the programmable logic device 1n 1ts
configuration random-access-memory elements 20.

System 38 may 1nclude processing circuits 44, storage 46,
and other system components 48 that communicate with
device 10. The components of system 38 may be located on
one or more boards such as board 36 or other suitable
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mounting structures or housings and may be iterconnected
by buses, traces, and other electrical paths 50.

Configuration device 40 may be supplied with the con-
figuration data for device 10 over a path such as path 52.
Configuration device 40 may, for example, receive the
configuration data from configuration data loading equip-
ment 54 or other suitable equipment that stores this data in
configuration device 40. Device 40 may be loaded with data
betfore or after installation on board 36.

It can be a sigmificant undertaking to design and 1mple-
ment a desired logic circuit 1n a programmable logic device.
Logic designers therefore generally use logic design systems
based on computer-aided-design (CAD) tools to assist them
in designing circuits. A logic design system can help a logic
designer design and test complex circuits for a system.
When a design 1s complete, the logic design system may be
used to generate configuration data for electrically program-
ming the appropriate programmable logic device.

As shown 1n FIG. 2, the configuration data produced by
a logic design system 56 may be provided to equipment 54
over a path such as path 38. The equipment 54 provides the
configuration data to device 40, so that device 40 can later
provide this configuration data to the programmable logic
device 10 over path 42. Logic design system 56 may be
based on one or more computers and one or more software
programs. In general, software and data may be stored on
any computer-readable medium (storage) in system 56 and
1s shown schematically as storage 60 1n FIG. 2.

In a typical scenario, logic design system 356 1s used by a
logic designer to create a custom circuit design. The system
56 produces corresponding configuration data which 1s
provided to configuration device 40. Upon power-up, con-
figuration device 40 and data loading circuitry on program-
mable logic device 10 1s used to load the configuration data
into CRAM cells 20 of device 10. Device 10 may then be
used 1n normal operation of system 38.

Any suitable memory array architecture may be used for
memory cells 20. One suitable arrangement 1s shown 1n FIG.
3. There are only four rows and four columns of memory
cells 20 1n the 1llustrative array of FIG. 3, but in general there
may be hundreds or thousands of rows and columns in
memory array 350. Array 350 may be one of a number of
arrays on a given device 10, may be a subarray that 1s part
of a larger array, or may be any other suitable group of
memory cells 20.

Each memory element 20 may be formed from a number
of transistors configured to form a bistable circuit (e.g., a
latch-type circuit). True and complement data storage nodes
in the bistable circuit element can store corresponding true
and complement versions of a data bit.

A bistable circuit element may be based on any suitable
number of transistors. For example, the bistable portion of
cach memory element may be formed from cross-coupled
inverters, from groups of multiple inverter-like circuits (e.g.,
in a distributed configuration that provides enhanced immu-
nity from soft-error-upset events, etc.), from two or more
inverting circuits having control transistors for enhancing
read/write margins, etc. Arrangements with bistable ele-
ments formed from cross-coupled inverting pairs are some-
times described herein as an example. This 1s, however,
merely 1llustrative. Memory elements 20 may be formed
using any suitable memory cell architecture.

Each memory element may supply a corresponding output
signal at a corresponding output path 320. In CRAM arrays,
cach output signal serves a static output control signal that
may be conveyed to a corresponding transistor such as
transistor 322 or other circuit element 1 an associated
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programmable logic circuit. Transistor 322 may serve to
route one programmable logic region to another and may be
referred to as a single-transistor pass gate or a pass transistor.

Integrated circuit 10 may include control circuitry 300 for
supplying signals to memory array 350. Control circuitry
300 may receive power supply voltages, data, and other
signals from external sources using mput-output pins (e.g.,
pins 14 1n FIG. 1) and from internal sources using paths such
as paths 302. Control circuitry 300 may include circuitry
such as addressing circuitry, data register circuitry, write
circuitry, read circuitry, partial reconfiguration (PR) cir-
cuitry, just to name a few. Control circuitry 300 may use the
power supply voltages supplied from the input-output pins
to produce desired time-varying and fixed signals on paths
such as paths 304 (1.e., paths 304-1, 304-2, 304-3, and
304-4) and paths 306.

There may, in general, be any suitable number of con-
ductive lines associated with paths 304 and 306. For
example, each row 1n array 350 may have associated address
lines (e.g., one or more word lines) and associated read/write
enable lines 1n a respective one of paths 304 (as examples).
Each column of array 350 may have a respective path 306
that includes data lines (e.g., a true data line and a comple-
ment data line). In certain embodiments, a clear signal may
also be routed to all of the cells 1n array 350 simultaneously
over a common clear line. The clear line may be oriented
vertically so that there 1s one branch of the clear line 1n each
path 306 or may be oriented horizontally so that there 1s one
branch of the clear line 1n each path 304. The clear line need
not be necessary.

Power can also be distributed in this type of global
fashion. For example, a positive power supply voltage Vcc
may be supplied in parallel to each cell 20 using a pattern of
shared horizontal or vertical conductors. A ground power
supply voltage Vss may likewise be supplied in parallel to
cells 20 using a pattern of shared horizontal or vertical lines.
Control lines such as address lines and data lines are
typically orthogonal to each other (e.g., address lines are
horizontal while data lines are vertical or vice versa).

The terms “rows” and “columns” merely represent one
way ol referring to particular groups of cells 20 1n memory
array 350 and may sometimes be used interchangeably. If
desired, other patterns of lines may be used 1n paths 304 and
306. For example, different numbers of power supply sig-
nals, data signals, and address signals may be used.

The signals that are supplied to memory elements 20 may
sometimes be collectively referred to as control signals. In
particular contexts, some of these signals may be referred to
as power signals, clear signals, data signals, address signals,
ctc. These different signal types are not mutually exclusive.
For example, a clear signal for array 350 may serve as a type
of control (address) signal that can be used to clear array
350. This clear signal may also serve as a type of power
signal by powering inverter-like circuitry in cells 20. Like-
wise, because clearing operations serve to place logic zeros
in memory cells 20, clear signals may serve as a type of data
signal.

Positive power supply voltage Vcc may be provided over
a positive power supply line. Ground voltage Vss may be
provided over a ground power supply line. Any suitable
values may be used for positive power supply voltage Vcc

and ground voltage Vss. For example, positive power supply
voltage Vce may be 1.2 volts, 1.1 volts, 1.0 volts, 0.9 volts,
0.8 volts, less than 0.8 volts, or any other suitable voltage.
Ground voltage Vss may be zero volts, 0.1 volts, —0.15 volts,
or any other suitable low voltage (as examples). In a typical
arrangement, power supply voltages Vce may be 0.85 volts,
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Vss may be zero volts, and the signal levels for address, data,
and clear signals may range from zero volts (when low) to
1.1 volts (when high). Arrangements 1n which Vcc varies as
a function of time, 1n which Vss i1s less than zero volts, and
in which control signals are overdniven (1.e., in which
control signals have signal strengths larger than Vcc-Vss)
may also be used.

After device 10 1s 1nitially loaded with a set of configu-
ration data (e.g., using configuration device 40 as described
in connection with FIG. 2), device 10 may be reconfigured
by loading a diflerent set of configuration data. Sometimes
it may be desirable to reconfigure only a portion of the
memory cells on device 10 via a process sometimes referred
to as partial reconfiguration. As memory cells are typically
arranged 1n an array, partial reconfiguration can be per-
formed by writing new data values only into selected
portion(s) in the array while leaving portions of array other
than the selected portion(s) in their original state.

Referring again to FIG. 3, consider a first example in
which a rectangular portion 310-1 of memory cell array 350
1s being reconfigured while the remaining portion of array
350 retains their current configuration data. Consider a
second example 1n which a single memory cell (as indicated
by array portion 310-2 1s being reconfigured while other
parts of array 350 continues to hold their current configu-
ration data. Consider yet another example 1n which another
group 310-3 of memory cells 1n array 350 1s being recon-
figured while all other memory cells retain their original data
value. These examples are merely illustrative. In general,
reconfiguration circuitry on device 10 (not shown) may be
used to reconfigure any desired portion or portions of
memory on device 10.

In certain applications, it may be desirable to perform
partial reconfiguration on device 10 while device 10 is in
normal user operation. Performing partial reconfiguration
during user operation (sometimes referred to as “in-opera-
tion partial reconfiguration™) may introduce challenges that
can otherwise be neglected 11 the device 1s not being actively
used to perform a custom user function.

Consider the first example described above where portion
310-1 of array 350 1s being reconfigured during normal user
operation. Assume, 1n this example, that each memory cell
20 that 1s coupled to control path 304-2 in the second row 1s
coupled to a given address line and 1s powered by a common
power supply voltage Vcc. Assume also that the common
Vcc needs to be temporarily lowered during partial recon-
figuration to help improve memory cell write margin. The
step of dynamically lowering Vce during a memory write
operation serves to improve the write-ability of the memory
cell and 1s therefore sometimes referred to as a memory
“write assist” technique.

In order to write new data bits ito the two leftmost
memory cells 20' i the second row, an address signal on the
grven address line will have to be asserted while the com-
mon power supply voltage 1s reduced. Because all the
memory cells 1n second row are powered using the common
power supply voltage, this reduction in the common power
supply voltage will also affect the two right-most cells 20"
in the second row.

During normal operation, cells 20" output static control
signals to corresponding pass gates 322, which are actively
being used to route user signals from one logic circuit to
another. Any change 1n the power supply voltage will
actually change the voltage level of the static control signals,
which would result mn varying the drive strength of the
routing pass gates. Varying the drive-ability of routing pass
gates that are actively being used to route user signals 1s
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generally undesired, as doing so can potentially introduce
timing 1ssues in the user design.

It would therefore be desirable to provide mmproved
memory circuitry that support memory write assists during
partial reconfiguration without affecting the drive strength of
in-operation pass gates.

FIG. 4 15 a circuit diagram showing one suitable arrange-
ment of memory cell 20 that supports Vss write assists
without aflecting the performance of in-operation pass tran-
sistors. As shown 1n FIG. 4, the storage portion of cell 20
may include cross-coupled inverting circuits such as circuits
INV1 and INV2 each of which has an input, an output, and
at least one power supply terminal such as a ground power
supply terminal that 1s configured to receive memory cell
power supply voltage Vss™ from Vss write assist circuit 400.

In particular, the mnput of circuit INV1 may be coupled to
the output of circuit INV2, whereas the input of INV2 may
be coupled to the output of circuit INV1. The output of
circuit INV1 may serve as a {irst internal data storage node
X1 for cell 20 while the output of circuit INV2 may serve as
a second internal data storage node X2 for cell 20. The
storage portion of cell 20 configured 1n this way may be used
to store a single bit of data (e.g., data storage nodes X1 and
X2 may store complement and true versions of a single data
bit, respectively). As an example, cell 20 that 1s storing a
high data bit may have data storage nodes X1 and X2
respectively driven to “0” and “1.” As another example, cell
20 that 1s storing a low data bit may have data storage nodes
X1 and X2 respectively driven to “1”” and ““0.” Static control
voltage signal Vout may be provided at storage node X2 and
may be routed to a corresponding pass gate transistor.

The storage portion of memory cell 20 may be coupled to
access transistors AC1 and AC2 to perform read and write
operations. In the example of FIG. 4, access transistor AC1
may be coupled between a first data line (e.g., a data line on
which complement data signal DLB 1s provided) and first
data storage node X1, whereas access transistor AC2 may be
coupled between a second data line (e.g., a true data line on
which true data signal DL 1s provided) and second data
storage node X2. Transistors AC1 and AC2 may each have
a gate that 1s coupled to an address line on which address
signal ADD 1s conveyed. Transistors AC1 and AC2 may
therefore sometimes be referred to as address transistors.
The address line 1s sometimes referred to as a “word line.”
Address signal ADD provided on the word line may there-
fore sometimes be referred to as a word line signal.

During normal memory operation, the true and comple-
mentary data lines may be nominally driven to zero volts to
minimize leakage currents while address signal ADD 1s
deasserted (e.g., address signal ADD may be pulled low to
disable access transistors AC1 and AC2). For example,
address signal ADD may be dniven to -0.1 V to reduce
leakage currents through access transistors AC1 and AC2. If
desired, address signal ADD may be driven to -0.2 V or
other negative voltages to further reduce leakage through the
access transistors.

During write operations, desired data signals may be
presented on the first and second data lines. Address signal
ADD may then be asserted to enable access transistors AC1
and AC2 to write 1n a desired value into memory cell 20. As
an example, data line signals DL and DLB may be respec-
tively driven to logic “1” and “0” to load a high data bit into
memory cell 20 using the activated access transistors AC1
and AC2 (e.g., to drive Vout high). As another example, data
line signals DL and DLB may be respectively driven to logic
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“0” and *“1” to load a low data bit into memory cell 20 using
the activated access transistors AC1 and AC2 (e.g, to drive
Vout low).

The read performance of memory cell 20 may be char-
acterized by a metric commonly referred to as read noise
margin or static noise margin (SNM), whereas the write
performance of memory cell 20 may be characterized by
another metric commonly referred to as write noise margin
(WNM). The read static noise margin may be dependent on
the relative drive strength between the access transistors and
any pull-down transistors 1n the storage portion of memory
cell 20. In particular, 1t may be desirable minimize the ratio
ol access transistor drive strength to pull-down transistor
drive strength so as to optimize read static noise margin
(e.g., it may be desirable to increase the drive-ability of the
pull-down transistors 1n INV1 and INV2 relative to that of
the access transistors to ensure that data does not 1nadver-
tently flip during read operations).

On the other hand, write noise margin may be dependent
on the relative drive strength between the access transistors
and the pull-up transistors of memory cell 20. In particular,
it may be desirable to maximize the ratio of access transistor
drive strength to pull-up transistor drive strength so as to
optimize write noise margin.

The read and write noise margin described above relates
to memory cells with n-channel access transistors. The
example of FIG. 4 illustrates another suitable arrangement 1n
which memory cell 20 includes access transistors AC1 and
AC2 implemented using p-channel transistors. When
p-channel access transistors are used, 1t may generally be
desirable to optimize read static noise margin by minimizing
the p-channel access transistor drive strength to that of the
pull-up transistors m INV1,INV2 and to optimize write
margin by maximizing the ratio of the p-channel access
transistor drive strength to that of the pull-down transistors
in INV1,INV2. P-channel transistors (sometimes referred to
as “pull-up” transistors) are generally better at passing high
data values relative to re-channel “pull-down” transistors.
When writing a new value into a memory cell, a p-channel
access transistor has to overpower the corresponding
n-channel pull-down transistor in one of the cross-coupled
inverters. To assist the p-channel access transistor in over-
powering the pull-down transistor, 1t would therefore be
desirable to raise the ground voltage level towards which the
pull-down transistor 1s pulling.

As a result, the use of p-channel access transistors may be
most suitably paired with Vss write assist circuit 400. Write
assist circuit 400 may be configured to temporarily increase
the voltage level of Vss* during write operations and to
drive Vss* down to its nominal voltage level at all other
times. Voltage Vss* may have a nominal voltage level of
zero volts, —0.1 volts, or —0.15 volts (as examples). Chang-
ing voltage Vss* during write operations will change the
voltage level of a low static control signal Vout that 1s being,
output to a corresponding pass transistor.

It may therefore be desirable to deliberately choose a pass
transistor whose performance 1s substantially unperturbed
by vanations near ground voltage Vss. FIG. 5 plots the
source-drain current Ids of an n-channel pass transistor as a
function of gate control voltage Vout (e.g., the static control
voltage that 1s provided at the output of memory cell 20). As
shown by curve 500 1n FIG. 5, current Ids remains around
zero for Vout values below the n-channel transistor turn-on
threshold voltage Vthon (e.g., the re-channel transistor
remains in the cut-ofl region for gate voltages below Vth,n).
As Vout increases above Vth,n, Ids will steadily increase
(1.e., near Vcc levels, any variation in the positive power
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supply voltage will result 1n a non-negligible change 1n Ids).
In other words, an n-channel pass gate transistor may be
sensitive to Vout variations near Vcc but 1s insensitive to
Vout variations near Vss, as long as the amount of variation
remains less than Vth,n.

In accordance with an embodiment, the memory cell 20 of
FIG. 4 leverages this asymmetric turn-on behavior of an
n-channel transistor by pairing the memory cell with Vss
write assist to an n-channel transistor such as n-channel pass
gate transistor 404. Arranged 1n this way, any change 1n
memory cell power supply voltage Vss* (assuming Vss*®
remains below Vth,n) during any data loading operations

[

including partial reconfiguration operations will not affect
the drive strength of n-channel pass transistor 404. In other
words, the performance of pass transistor 404 during user
operation will not be affected even 1f the control voltage
Vout that transistor 404 receives varies slightly around the
nominal ground voltage level Vss since transistor 404 wall
remain in the cutoil mode.

In general, transistor 404 may serve as a single pass
transistor for routing user signals from one programmable
logic region to another. For example, pass transistor 404
may serve as part of a multiplexing circuit for routing signals
from a first logic block 18 to a second logic block 18 on
device 10 (see, FIG. 1). In the example of FIG. 4, transistor
404 may receive mput signals from driver circuits 406 (e.g.,
output driver circuits from a first logic region) and may
selectively route the received 1nput signals to a second logic
region via driver circuit 408. A pull-up transistor such as
p-channel transistor 410 may have a drain terminal that 1s
connected to the mput of driver 408, a gate terminal that 1s
connected to the output of driver 408, and a source terminal
that 1s connected to a positive power supply line 412.
Connected 1n this way, transistor 410 may help transistor
404 pass through a logic “1” signal (since n-channel tran-
sistors sometimes have difliculty pulling a signal all the up
to Vcc). Pull-up transistor 410 used 1n this way may some-
times be referred to as a “hali-latch™ circuit.

This particular combination of a memory cell 20 1mple-
menting Vss write assist (which 1s enabled by the use of
p-channel access transistors) with n-channel pass transistors
1s what allows the memory cell to apply write assist tech-
niques to increase write margin during in-operation partial
reconfiguration without affecting the performance of the
associated pass gate transistors which are actively being
used to route user signals.

In at least some embodiments, 1t may be desirable for the
memory cell positive power supply voltage (e.g., the posi-
tive power supply voltage that 1s powering INV1 and INV2
within memory cell 20) to be greater than the data path
positive power supply voltage level (e.g., the positive power
supply voltage that 1s powering bullers 406/408 and hali-
latch 410). Configured 1 this way, the higher memory cell
voltage can help to further overdrive and enhance the
performance of the n-channel pass transistor 404. In other
words, the control signal Vout that 1s output by memory cell
20 may exhibit a voltage swing that 1s greater than that of the
user signals that are being routed through the n-channel pass
transistors 404.

FIG. 6 1s a tflow chart of illustrative steps involved 1n
operating a memory element of the type described 1n con-
nection with FIG. 4. At step 600, an 1nitial device configu-
ration operation may be formed on device 10 by loading a
configuration bitstream into device 10. At step 602, device
10 may then be placed in normal user mode to perform the
custom logic functions.
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During user operation, the user or the application may
wish to perform a partial reconfiguration operation to recon-
figure only a portion of the configuration memory elements
20 on device 10 (step 604). To do so, a Vss write assist
circuit may temporarily raise the memory cell ground volt-
age Vss* for at least the memory cells that are currently
being reconfigured and for any associated memory cells that
share the same ground power supply line (step 606). These
associated memory cells sharing the same ground power
supply line may be controlling in-operation n-channel pass
transistors that are actively being used to route user signals.

While Vss* 1s raised, write driver circuits (not shown)
may write 1 the desired reconfiguration data into the
selected portion of memory elements 20 via corresponding
p-channel access transistors without aflecting the perior-
mance of the m-operation n-channel pass transistors asso-
ciated with the memory elements sharing the same ground
power supply line (step 608). Once the selected memory
clements have been reconfigured, processing may loop back
to step 602, as indicated by path 610.

FIG. 7 1s a circuit diagram showing another suitable
arrangement of memory cell 20 which supports Vcc write
assists without aflecting the performance of in-operation
pass transistors. As shown in FIG. 7, the storage portion of
cell 20 may include cross-coupled mnverting circuits such as
circuits INV1 and INV2 each of which has at least one
power supply terminal such as a positive power supply
terminal that 1s configured to receive memory cell power
supply voltage Vcec™ from Vcc write assist circuit 400.

In the example of FIG. 7, access transistors AC1 and AC2
may be implemented using n-channel transistors. N-channel
transistors are generally better at passing low data values
relative to p-channel transistors. When writing a new value
into a memory cell, an n-channel access transistor has to
overpower the corresponding p-channel pull-up transistor in
one of the cross-coupled 1nverters. To assist the n-channel
access transistor in overpowering the pull-down transistor, 1t
would therefore be desirable to lower Vec* voltage level
towards which the pull-up transistor 1s pulling.

As a result, the use of n-channel access transistors may be
most suitably paired with Vcc write assist circuit 700. Write
assist circuit 700 may be configured to temporarily decrease
or “droop” the voltage level of Vcc* during write operations
and to drive Vcc™ up to 1ts nominal voltage level at all other
times. Voltage Vec™ may have a nominal voltage level of
0.85 volts, 1.1 volts for overdriving the pass transistors, or
any other suitable positive power supply voltage level.
Changing voltage Vcc™ during write operations will change
the voltage level of a high static control signal Vout that 1s
being output to a corresponding pass transistor.

It may therefore be desirable to deliberately choose a pass
transistor whose performance 1s substantially unperturbed
by variations near positive power supply voltage Vcc. FIG.
8 plots the source-drain current Ids of a p-channel pass
transistor as a function of gate control voltage Vout (e.g., the
static control voltage that i1s provided at the output of
memory cell 20). As shown by curve 800 1n FIG. 8, current
Ids remains around zero for Vout values within p-channel
transistor turn-on threshold voltage Vth,p of Vcc (e.g., the
p-channel transistor remains in the cut-ofl region for gate
voltages greater than Vce-Vth,p). As Vout decreases below
Vce-Vith,p, Ids will steadily increase (i.e., near Vss levels,
any variation in the ground power supply voltage will result
in a non-negligible change 1n Ids). In other words, a p-chan-
nel pass gate transistor may be sensitive to Vout variations
near Vss but i1s insensitive to Vout variations near Vcc, as
long as the amount of vaniation remains less than Vth,p.
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In accordance with an embodiment, the memory cell 20 of
FIG. 7 may leverage this asymmetric turn-on behavior of a
p-channel transistor by pairing the memory cell with Vcc
write assist to a p-channel transistor such as p-channel pass
gate transistor 704. Arranged in this way, any change 1n
memory cell power supply voltage Vec™* (assuming the
amount of variation around Vcc* remains less than Vth,p)
during any data loading operations including partial recon-
figuration operations will not aflect the drive strength of
p-channel pass transistor 704. In other words, the perfor-
mance of pass transistor 704 during user operation will not
be aflected even if the control voltage Vout that transistor
704 receives varies slightly around the nominal positive
voltage level Vcc since transistor 704 will remain i the
cutofl region.

In general, transistor 704 may serve as a single pass
transistor for routing user signals from one programmable
logic region to another. For example, pass transistor 704
may serve as part of a multiplexing circuit for routing signals
from a first logic block 18 to a second logic block 18 on
device 10 (see, FIG. 1). In the example of FIG. 7, transistor
704 may recerve mput signals from driver circuits 706 (e.g.,
output driver circuits from a first logic region) and may
selectively route the received input signals to a second logic
region via driver circuit 708. A pull-down transistor such as
n-channel transistor 710 may have a drain terminal that 1s
connected to the input of driver 708, a gate terminal that 1s
connected to the output of driver 708, and a source terminal
that 1s connected to a ground line. Connected 1n this way,
transistor 710 may help transistor 704 pass through a logic
“0” signal (since p-channel transistors sometimes have dii-
ficulty pulling a signal all the down to Vss). Pull-down
transistor 710 used in this way may also sometimes be
referred to as a “halt-latch™ circuit.

This particular combination of a memory cell 20 1mple-
menting Vce write assist (which 1s enabled by the use of
n-channel access transistors) with p-channel pass transistors
1s what allows the memory cell to apply write assist tech-
niques to increase write margin during in-operation partial
reconfiguration without affecting the performance of the
associated pass gate transistors which are actively being
used to route user signals.

In at least some embodiments, 1t may be desirable for the
memory cell ground voltage (e.g., the ground voltage that 1s
powering INV1 and INV2 within memory cell 20) to be less
than the data path ground power supply voltage level (e.g.,
the ground power supply voltage that 1s powering bullers
706/708 and half-latch 710). For example, 11 the data path
ground level 1s zero volts, the memory cell ground voltage
level may be negative. Configured in this way, the lowered
memory cell voltage can help to further overdrive and
enhance the performance of the p-channel pass transistor
704. In other words, the control signal Vout that 1s output by
memory cell 20 may exhibit a voltage swing that 1s greater
than that of the user signals that are being routed through the
p-channel pass transistors 704. FIG. 9 1s a flow chart of
illustrative steps imnvolved 1n operating a memory element of
the type described 1n connection with FIG. 7. At step 900, an
initial device configuration operation may be formed on
device 10 by loading a configuration bitstream into device
10. At step 902, device 10 may then be placed in normal user
mode to perform the custom logic functions.

During user operation, the user or the application may
wish to perform a partial reconfiguration operation to recon-
figure only a portion of the configuration memory elements
20 on device 10 (step 904). To do so, a Vcc write assist
circuit may temporarily reduce the memory cell positive
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power supply voltage Vec™ for at least the memory cells that
are currently being reconfigured and for any associated
memory cells that share the same positive power supply line
(step 906). These associated memory cells sharing the same
power supply line may be controlling in-operation p-channel
pass transistors that are actively beimng used to route user
signals.

While Vcc* 1s lowered, write driver circuits (not shown)
may write 1n the desired reconfiguration data into the
selected portion of memory elements 20 via corresponding
n-channel access transistors without aflecting the perfor-
mance of the m-operation p-channel pass transistors asso-
ciated with the memory elements sharing the same positive
power supply line (step 908). Once the selected memory
clements have been reconfigured, processing may loop back
to step 902, as indicated by path 910.

Although the methods of operations were described 1n a
specific order, 1t should be understood that other operations
may be performed 1n between described operations,
described operations may be adjusted so that they occur at
slightly different times or described operations may be
distributed 1n a system which allows occurrence of the
processing operations at various intervals associated with
the processing, as long as the processing of the overlay
operations are performed 1n a desired way.

If desired, device 10 may include both types of memory
clements (1.e., the memory elements described 1n connection
with FIG. 4 and the memory elements described 1n connec-
tion with FI1G. 7) to help satisty various transistor fabrication
density requirements. For example, there may be density
requirements that specily the mimimum threshold for the
number ol n-channel transistors and the number of p-chan-
nel transistors that must be formed on device 10.

As shown 1n FIG. 10, device 10 may 1nclude a first group
of memory cells 20 having positive power supply terminals
coupled to Vcc write assist circuit 700 via path 702 and a
second group of memory cells 20 having ground power
supply terminals coupled to Vss write assist circuit 400 via
path 402. The first group of memory cells may include
n-channel access transistors and may be used to control
corresponding p-channel pass gate transistors 704, whereas
the second group of memory cells may include p-channel
access transistors and may be used to control corresponding
n-channel pass gate transistors 404.

If desired, any suitable technique(s) for optimizing the
programmable logic and routing circuitry on device 10 may
also be implemented. For example, the pass transistors may
be formed from low threshold voltage (LVT) transistors to
help maximize the drive-ability of the pass transistors. Other
forms of modulating the memory control signals such as
boosting the word line signal during memory access opera-
tions and/or overdriving the data lines during write opera-
tions may be implemented (as another example). The present
embodiments may also be extended for use with CMOS
transmission gates that include n-channel and p-channel pass
gates coupled 1n parallel.

The embodiments thus far have been described with
respect to integrated circuits. The methods and apparatuses
described herein may be incorporated into any suitable
circuit. For example, they may be incorporated into numer-
ous types of devices such as programmable logic devices,
application specific standard products (ASSPs), and appli-
cation specific integrated circuits (ASICs). Examples of
programmable logic devices include programmable arrays
logic (PALs), programmable logic arrays (PLAs), field pro-
grammable logic arrays (FPGAs), electrically program-
mable logic devices (EPLDs), electrically erasable program-
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mable logic devices (EEPLDs), logic cell arrays (LCAs),
complex programmable logic devices (CPLDs), and field
programmable gate arrays (FPGAs), just to name a few.

The programmable logic device described in one or more
embodiments herein may be part of a data processing system
that includes one or more of the following components: a
processor; memory; IC circuitry; and peripheral devices.
The data processing can be used in a wide variety of
applications, such as computer networking, data networking,
instrumentation, video processing, digital signal processing,
or any suitable other application where the advantage of
using programmable or re-programmable logic 1s desirable.
The programmable logic device can be used to perform a
variety of different logic functions. For example, the pro-
grammable logic device can be configured as a processor or
controller that works 1n cooperation with a system processor.
The programmable logic device may also be used as an
arbiter for arbitrating access to a shared resource in the data
processing system. In yet another example, the program-
mable logic device can be configured as an interface
between a processor and one of the other components 1n the
system. In one embodiment, the programmable logic device
may be one of the family of devices owned by ALTERA
Corporation.

The foregoing 1s merely 1llustrative of the principles of
this invention and various modifications can be made by
those skilled in the art. The foregoing embodiments may be
implemented individually or 1n any combination.

Although the invention has been described 1in some detail
for the purposes of clarity, 1t will be apparent that certain
changes and modifications can be practiced within the scope
of the appended claims. Although some of the appended
claims are single dependent only or reference only some of
their preceding claims, their respective feature(s) can be
combined with the feature(s) of any other claim.

What 1s claimed 1s:

1. An mtegrated circuit, comprising:

a memory element that has an output and that has a power
supply terminal at which a power supply voltage 1s
provided;

a pass transistor having a gate that 1s coupled to the output
of the memory element; and

a write assist circuit that temporarily adjusts the power
supply voltage, wherein the pass transistor receives the
adjusted power supply voltage from the output of the
memory e¢lement, and wherein the pass transistor
exhibits a drive strength that i1s unaflected by the
temporary adjustment 1n the power supply voltage.

2. The mtegrated circuit of claim 1, wherein the memory
clement includes a p-channel address transistor, and wherein
the write assist circuit temporarily elevates a ground power
supply voltage.

3. The integrated circuit of claim 2, wherein the pass
transistor comprises an n-channel pass transistor.

4. The integrated circuit of claim 1, wherein the memory
element include an n-channel address transistor, and wherein
the write assist circuit temporarily lowers a positive power
supply voltage.

5. The imtegrated circuit of claim 4, wherein the pass
transistor comprises a p-channel pass transistor.

6. The integrated circuit of claim 5, further comprising:

an additional memory element that has an output and that
has a power supply terminal at which another power
supply voltage 1s provided;

an additional pass transistor having a gate that 1s coupled
to the output of the additional memory element; and
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an additional write assist circuit that temporarily adjusts
the another power supply voltage, wherein the addi-
tional pass transistor receives the adjusted another
power supply voltage from the output of the additional
memory element, and wherein the additional pass tran-
sistor exhibits a drive strength that 1s unafiected by the
temporary adjustment in the another power supply
voltage.

7. The integrated circuit of claim 6, wherein the additional
memory element includes a p-channel address transistor, and
wherein the additional write assist circuit temporarily
clevates a ground power supply voltage.

8. The integrated circuit of claim 7, wherein the additional
pass transistor comprises an n-channel pass transistor.

9. A method for operating an integrated circuit having a
memory element that controls a corresponding pass transis-
tor, comprising;

with the memory eclement, receiving a power supply

voltage via a power supply terminal;

enhancing the write performance of the memory element

by temporarly adjusting the power supply voltage; and
receiving from the memory element the adjusted power
supply voltage at the pass transistor, wherein the pass
transistor exhibits performance that 1s unatltected by the
temporary adjustment of the power supply voltage.

10. The method of claim 9, wherein enhancing the write
performance of the memory element comprises temporarily
adjusting the power supply voltage with a write assist
circuit.

11. The method of claim 9, wherein the memory element
includes a p-channel address transistor, and wherein tempo-
rarily adjusting the power supply voltage comprises tempo-
rarily raising a ground power supply voltage for the memory
clement.

12. The method of claim 11, wherein the pass transistor
comprises an n-channel pass transistor that receives the
adjusted power supply voltage.

13. The method of claim 9, wherein the pass transistor
comprises an n-channel transistor, and wherein temporarily
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adjusting the power supply voltage comprises temporarily
raising a ground power supply voltage for the memory
clement.

14. The method of claim 9, wherein the memory element
includes an n-channel address transistor, and wherein tem-
porarily adjusting the power supply voltage comprises tem-

porarily lowering a positive power supply voltage for the
memory element.

15. The method of claim 14, wherein the pass transistor

comprises a p-channel pass transistor that receives the
adjusted power supply voltage.

16. The method of claim 9, wherein the pass transistor
comprises a p-channel transistor, and wherein temporarily
adjusting the power supply voltage comprises temporarily
lowering a positive power supply voltage for the memory
clement.

17. An integrated circuit, comprising:

a first logic region;

a second logic region;

a pass transistor that routes user signals from the first logic
region to the second logic region and that has a gate that
receives a power supply voltage; and

a control circuit that temporarily adjusts the power supply
voltage, wherein the pass transistor has a drive strength
that remains unchanged while the power supply voltage
1s being adjusted.

18. The integrated circuit of claim 17, further comprising:

a memory cell that outputs the power supply voltage to the
pass transistor.

19. The integrated circuit of claim 18, wherein the control
circuit comprises a memory write assist control circuit that
temporarily raises a ground power supply voltage for the
memory element.

20. The integrated circuit of claim 18, wherein the control
circuit comprises a memory write assist control circuit that

temporarily lowers a positive power supply voltage for the
memory element.
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